The envelope glycoprotein (Env) gp120/gp41 is required for HIV-1 infection of host cells. Although in general it has been perceived that more Env gives rise to higher infectivity, the precise quantitative dependence of HIV-1 virion infectivity on Env density has remained unknown. Here we have developed a method to examine this dependence. This method involves 1) production of a set of single-cycle HIV-1 virions with varied density of Env on their surface, 2) site-specific labeling of Envspecific antibody Fab with a fluorophore at high efficiency, and 3) optical trapping virometry to measure the number of gp120 molecules on individual HIV-1 virions. The resulting gp120 density per virion is then correlated with the infectivity of the virions measured in cell culture. In the presence of DEAE-dextran, the polycation known to enhance HIV-1 infectivity in cell culture, virion infectivity follows gp120 density as a sigmoidal dependence and reaches an apparent plateau. This quantitative dependence can be described by a Hill equation, with a Hill coefficient of 2.4 ؎ 0.6. In contrast, in the absence of DEAE-dextran, virion infectivity increases monotonically with gp120 density and no saturation is observed under the experimental conditions. These results provide the first quantitative evidence that Env trimers cooperate on the virion surface to mediate productive infection by HIV-1. Moreover, as a result of the low number of Env trimers on individual virions, the number of additional Env trimers per virion that is required for the optimal infectivity will depend on the inclusion of facilitating agents during infection.
oped viruses (1, 2) . For HIV-1 virions derived from chronically infected T cell lines, quantitative Western (3) and cryoelectron tomography (4) have revealed that there are on average only 14 Env 5 trimers per virion. Recent measurements by Brandenberg et al. (5) using quantitative Western blotting analysis on HIV-1 pseudoparticles derived from transfected 293-T cells also yielded 6 to 20 Env trimers per virion. The number of entrymediating surface glycoprotein oligomers is lower than for other enveloped viruses (6) , and this may have a profound impact on HIV-1 infection, the quantitative aspects of which are being unraveled. For example, recent studies have shown that transmitted founder HIV-1 virions contain more Env than the corresponding chronic virus (7) , suggesting that more Env may indeed confer selective advantages in HIV-1 transmission. At the mechanistic level, however, how the Env copy number may enhance virion transmission is not well understood. Although greater amounts of Env have been observed to increase infectivity (8) , the dependence of HIV-1 virion infectivity on Env density has not been precisely described or explained.
In this paper, we introduce a quantitative approach to this problem. In our approach, we use a provirus clone that is env Ϫ together with a separate wild-type env plasmid (pEnv) to generate HIV-1 virions (9) . It is essential that the provirus is env Ϫ so that we can titrate pEnv from low to high quantities (8) to generate a set of virions that are expected to carry varied densities of Env on their surface, limited by the pEnv inputs (10) . Meanwhile, the resulting virions are only infectious for a single cycle. The infectivity of the virions can thus be correlated with the Env content of these virions that can be directly measured by singlemolecule techniques without the complications from multiple rounds of infection.
To determine Env density on individual virions, we have recently developed a technique named optical trapping virometry (OTV) (10) . This technique works by optically trapping individual HIV-1 virions in suspension and thereby measuring the number of fluorophores associated with each virion with single-molecule resolution. To use this technique for accurate quantitation of gp120 molecules on individual HIV-1 virions, we have developed a method to site-specifically label a gp120-specific antibody Fab with a fluorophore at Ͼ95% efficiency. When the fluorescent Fab against gp120 is incubated with the virus under saturating Fab concentrations, the number of fluorophores associated with each virion thus directly measures the number of gp120 molecules per virion. By applying this method to the set of single-cycle virions and quantitating gp120 density for individual virions in each virion population, we can then quantitatively examine the dependence of HIV-1 infectivity on gp120 density.
Experimental Procedures
Production of HIV-1 Virions-Single-cycle HIV-1 virions were generated and assayed as described recently (9) . Briefly, 293T cells were transfected with 1.0 g of pNL4 -3R Ϫ E Ϫ plasmid, various amounts of pEnv (NL4-3 envelope expression plasmid, the same as pcDNA3.1REC in Ref. 9) and 0.3 g of pEGFP-Vpr by the use of Mirus LT-1 transfection reagents in a 2-ml culture volume in a 35-mm dish. Culture medium was changed 6 h post-transfection and virions were harvested 24 h post-transfection (9) . To determine the infectivity for each population of single-cycle virions, the virion stocks were diluted in complete media either in the presence or absence of 20 g/ml of DEAE-dextran, and then incubated with TZM-bl indicator cells in a 12-well plate for 2 h at 37°C, with gentle rocking every 30 min. At the end of 2 h, 1 ml of complete medium was added to each well and the incubation was continued at 37°C for 48 h with 5% CO 2 . At the end of 48 h, individual single-cell infectious events were recorded following the procedures as described previously (9) . The physical concentrations of the virion particles were determined by p24 ELISA as described (9) . The infectivity per virion was calculated by taking the ratio of the infectious events per input volume over the physical particle concentration.
Production, Purification, and Site-specific Labeling of VRC01 Fab-The open reading frames of the light chain and the truncated heavy chain of the VRC01 Fab were synthesized by GenScript USA Inc. and cloned into pCMV/R vector (11) for overexpression of the Fab in the Freestyle 293-F cells. The C-terminal sequence of the truncated heavy chain is as follows: DKTHTCPPDIHHHHHH, where the underlined cysteine residue is Cys free for cross-linking through maleimide chemistry. The production of VRC01 Fab from 293-F cells follows published procedures (12) . Briefly, the two plasmids were transfected into 293-F cells at equal masses and the cells were cultured for 6 days at 37°C with 5% CO 2 for protein production. At the end of 6 days post-transfection, the culture supernatant was harvested, filtered through a 0.22-m filter, and mixed with Ni-NTA-agarose beads for batch binding overnight at 4°C. On the second morning, the Ni-NTA-agarose beads were packed onto an empty Bio-Rad glass column, and mounted onto Bio-Rad BioLogic DuoFlow 10 system for washing and elution. The column was first washed with buffer A (50 mM Tris, 500 mM NaCl, pH 8.0, at 4°C) to baseline, and then washed with 4 column volumes of buffer A with 10 mM imidazole, which was followed by gradient elution from 10 to 500 mM increasing concentrations of imidazole in buffer A over 10 column volumes at a flow rate of 1 ml/min. The eluted Fab fragment was then concentrated by centriprep with a molecular mass cut off of 3 kDa and loaded onto an GE Superdex 200 gel filtration column that was equilibrated in buffer B (25 mM HEPES, 0.5 M NaCl, pH 7.0, at 20°C). The protein was eluted off the column at a flow rate of 0.4 ml/min and its concentration was determined by UV-visible absorbance at 280 nm in 6 M guanidine hydrochloride, with an extinction coefficient of 7.61 ϫ 10 4 M Ϫ1 cm Ϫ1 estimated based on the amino acid sequence (13) , considering the formation of five disulfide bonds within a single molecule of VRC01 Fab. The eluted protein was then incubated immediately with a 20-fold molar excess of the Alexa 594-maleimide (Invitrogen) solution for cross-linking reaction at 20°C for a duration of 12 h. At the end of the 12 h, the protein-dye mixture was reloaded onto the Superdex 200 gel filtration column, and eluted at a flow rate of 0.4 ml/min in buffer B. The concentration of the eluted protein was again measured by absorbance at 280 nm (corrected for dye absorbance at this wavelength), and the concentration of the conjugated dye molecule was quantitated simultaneously by absorbance at 590 nm with an extinction coefficient of 9.00 ϫ 10 4 M Ϫ1 cm Ϫ1 . From 1 liter of 293-F cell culture, we produced ϳ100 mg of VRC01 Fab after Ni-NTA column purification. Using 3 mg of this unlabeled VRC01 Fab as the starting material, ϳ0.5 mg of site-specifically labeled Fab after labeling and purification through a gel filtration column was produced. All protein purification procedures were conducted at 4°C unless otherwise noted.
Virus Neutralization Assay-NL4-3 virus neutralization by VRC01 Fab was carried out as described (10) . Briefly, the HIV-1 NL4-3 virions were prepared by transfecting 293T cells with 1.0 g of pNL4 -3R Ϫ E Ϫ plasmid and 2 g of pEnv (encoding fulllength NL4-3 Env, including the cytoplasmic tail) and 0.3 g of pEGFP-Vpr per 2-ml culture. HIV-1 virions were incubated with Fab at varied concentrations for 1 h, at 20°C, and then diluted 10-fold with complete medium for inoculation of TZM-bl cells at 37°C for 2 h. After the addition of fresh medium to each well in a 12-well plate, the cells were cultured at 37°C with 5% CO 2 for another 48 h, and then blue cells were counted (14) . The number of blue cells generated from virus infection without Fab treatment was normalized to 100%. The number of blue cells generated from virus treated with either unlabeled or Alexa 594-labeled VRC01 Fab was expressed as a percentage of the blue cell counts in the absence of Fab and plotted as a function of Fab concentration. The neutralization data were fitted to a sigmoid function (15) with top and bottom plateaus constrained to 100 and 0% to determine IC 50 values and Hill slopes.
Gp120 Shedding Assay-The gp120 shedding assay was performed as described previously (10) . Briefly, we transfected 293T cells with pEnv, the plasmid encoding NL4-3 Env. This generates uncleaved Env precursors and Env complexes, including gp120 subunits, expressed on the cell surface. The day before the transfection, 4 ϫ 10 5 of 293T cells per well were seeded in a 12-well plate, and incubated at 37°C with 5% CO 2 in complete medium. The next day the cells had reached ϳ50% confluence and were transfected with 0.2 g of pEnv by the use of the TransIT LT-1 transfection reagent (Mirus Bio, Madison, WI). 24 h after the transfection, cell culture medium was removed and 100 l of VRC01 IgG at varied concentrations (0.4, 2, 10, and 50 g/ml), diluted in Dulbecco's phosphate-buffered saline, was added to the cells. The cells were incubated with the antibodies for 1 h at 37°C, gentle rocking was performed every 20 min. Then the supernatants were collected and placed on ice, and centrifuged at 1,000 ϫ g for 5 min at 4°C to remove cells and cell debris. These supernatants were mixed with equal volumes of 2ϫ Laemmli sample buffer containing ␤-mercaptoethanol, immediately vortexed vigorously, and then incubated at 95°C for 5 min. These samples were loaded onto a SDS-PAGE. Proteins were blotted by electrotransfer onto supported nitrocellulose membranes. To detect gp120, the membranes were incubated first with sheep anti-gp120 polyclonal serum (catalog number 288, NIH AIDS Reagent Reference program) and then with donkey anti-sheep IgG alkaline phosphatase-conjugated secondary antibody (catalog number A5187, Sigma). The enzyme reaction was then developed, and the resulting bands scanned and quantitated with ImageJ as described (10) . In similar gp120 shedding assays, the presence of gp160 in the sample supernatant after 293T cell transfection has been described in the literature by several different groups, including ours (9, 10, 16, 17) . Gp160 proteins are present in the supernatant in the absence of any ligand addition, suggesting that they stem from gp160-bearing microvesicles secreted by the cells; gp120 in the supernatant could originate from proteolytically processed Env expressed on the cell surface or incorporated into microvesicles.
Optical Tweezers and Two-photon Fluorescence (TPF) Experiments-The trapping of individual virions in suspension was done as described previously (10) with a few modifications. Throughout, a home-made optical tweezer instrument using a tapered amplifier diode laser at 830 nm (SYS-420-830-1000, Sacher LaserTechnik LLC, Germany) was used for optical trapping and simultaneous TPF measurements of individual HIV-1 virions (18) . Briefly, the live virus stock thawed from Ϫ80°C was first incubated with 20 g/ml of Alexa 594-labeled VRC01 Fab (Alexa 594-Fab) for 1 h at 20°C in the dark, and then diluted in PBS to a concentration of 0.6 -1.6 ϫ 10 8 virions/ml and injected into a microfluidic chamber for optical trapping. The diameter of individual virions was measured as described previously (10) . An electron-multiplying charge-coupled device camera (Evolve, Photometrics) was used for all fluorescence detection with single-molecule sensitivity. The TPF from EGFP was monitored by the use of an emission filter (HQ525/50m, Chroma) and the TPF of Alexa 594 was monitored with another emission filter (ET645/75, Chroma). A laser power of 130.8 milliwatts at the focus was used throughout for optical trapping and simultaneous TPF excitation so that fluorescence intensity can be directly compared across experiments. Individual HIV-1 virions were identified based on an EGFP-positive signal and a measured diameter that lies between 96 and 216 nm as described previously (10) . The initial Alexa 594 TPF prior to photobleaching was averaged and recorded per virion before sequential measurement of EGFP TPF. The residual leakage of the EGFP channel fluorescence into the Alexa 594 channel was experimentally measured and quantified by linear regression as described previously (10) and this information was used to correct for Alexa 594 TPF throughout. The TPF was collected as described by Nis-Element Software (Nikon), with an EM gain of 200 and exposure time of either 100 or 400 ms unless otherwise noted. All trapping and TPF experiments were conducted at a constant temperature of 20.0 Ϯ 0.2°C. The step-finding algorithm that we developed recently (19) was used to identify individual photobleaching steps from real time TPF trajectories. Throughout this work, all errors are standard deviations unless otherwise noted.
Results
Purification and Site-specific Labeling of VRC01 Fab-To make site specifically labeled Fab without interfering with its epitope binding is challenging because typical IgG molecules contain a number of cysteine residues that form disulfide bonds ( Fig. 1a ). Analogously to Galimidi et al. (20) , we have developed a potentially generic approach to site specifically label the Fab fragment of an antibody without compromising its antigen binding affinity. This strategy is schematically shown in Fig. 1b , where a Fab fragment carries a single free cysteine for labeling through maleimide chemistry. The Fab is expressed in the Free-Style 293-F cells (Invitrogen) upon transfection with two plasmids: one encodes the light chain, and the other encodes a truncated heavy chain of the IgG antibody. This truncation is located between the two cysteine residues in the original hinge region of the full-length IgG (denoted by the dashed line in Fig.  1a ). We further added a hexahistidine tag at the C terminus of the truncated heavy chain for ease of protein purification by Ni-NTA technology (Fig. 1b ). The cysteine close to the C terminus of the truncated heavy chain is free for labeling in the Fab because of the absence of Fc which holds the original two heavy chains together. We have developed a protocol for purification and labeling of a Fab fragment from the monoclonal antibody VRC01, which binds to the CD4-binding site (CD4bs) on gp120 with high affinity and potently neutralizes 91% of all major circulating HIV-1 isolates (12) . This binding does not induce gp120 shedding (16) (Fig. 2) , which is in contrast to soluble CD4 that induces shedding of gp120 under identical experimental conditions as we published previously (10) . Thus VRC01 is well suited for quantitation of gp120 molecules on a virion. We purified this protein first through a Ni-NTA affinity column and a GE S200 gel filtration column, and then labeled it with Alexa 594-maleimide by incubation at room temperature for 12 h. The labeled Fab was further purified through an S200 gel-filtration column to remove excess free dye molecules. As shown in Fig. 1c for the final labeled protein on a non-reducing polyacrylamide gel, we obtained a Fab fragment that was more than 95% pure based on quantitation of band intensity. The labeling efficiency was 97% as determined by UV-visible absorbance spectrum. Moreover, we determined the mass for both unlabeled and labeled VRC01 Fab by positive ion electrospray mass spectrometry. The measured mass for unlabeled VRC01 Fab was 52334.6 Da. The mass for labeled VRC01 Fab was determined to be 53222.0 Da. The difference in mass between the two proteins is 887.4 Da, which very well matches the expected addition of a single Alexa 594-C5 maleimide group (885.0 Da) onto the Fab molecule.
Furthermore, the labeled VRC01 Fab is able to neutralize NL4-3 virus. As shown in Fig. 1d , the efficiency of neutralization was not significantly compromised by the Alexa 594 label. The IC 50 value for the labeled Fab derived from fitting to a sigmoid function (red curve) was 4.5 Ϯ 1.1 g/ml, which should be compared with 1.9 Ϯ 0.5 g/ml for the unlabeled Fab (black curve). 95% infectivity was neutralized by the labeled VRC01 Fab at 20 g/ml. The neutralizing capacity of the labeled Fab is expected, as the site of labeling is distant from the antigen binding site (Fig. 1b) .
Recently, the dissociation constant, K d , of VRC01 Fab toward the BG505 stabilized, soluble trimers has been determined by surface plasmon resonance (21) , which is less than 1 nM at 25°C in the presence of 150 mM NaCl. This affinity is likely to be higher for NL4-3 functional trimers, which would suggest a Ͼ99.9% occupancy (Ͼ400-fold excess of the K d ) on unconstrained CD4bs at a Fab concentration of 20 g/ml. However, the stoichiometry of Fab binding to the CD4bs on trimers on the virion surface is a more complex issue, as this stoichiometry could be influenced by spontaneous shedding of gp120 before the assay of detection, accessibility, and other factors. Cryoelectron microscopy revealed that three VRC01 Fabs can bind to a single Env trimer (22) . Recently, the stoichiometry of CD4bs-specific Fabs has been studied with stabilized, soluble BG505 Env trimers as immobilized antigens by surface plasmon resonance (15, 21) . The apparent maximum binding observed from these experiments for these Fabs ranged from 1.3 to 3.0 paratopes per trimer; for the VRC01 Fab, as estimated by surface plasmon resonance, it was 1.6 (15) . This number is likely to be higher for native Env trimers on the virion surface that do not have the stabilizing mutations. On the other hand, NL4-3 Env may also differ from the BG505 Env used in those studies. The similar potency and efficacy (Ͼ95%) of the Fab with and without Alexa 594, as shown in Fig. 1d , indicate largely unrestrained binding of both forms to functional trimers on NL4-3 virions. Because the virus neutralization assay (Fig. 1d) was done with the very same virus preparations (NL4-3) under the same incubation conditions as the measurement of gp120 numbers by OTV ("Experimental Procedures"), Alexa 594-Fab can probe at least a minimal set of gp120 molecules that are required for infection, out of the total gp120 molecules present on individual NL4 -3 virions. As a result, the number of Alexa 594 fluorophores that we can quantitate using single-molecule fluorescence will thus estimate the minimum number of gp120 molecules on individual virions that are required for infection. A potential caveat apart from the stoichiometry is that the binding of VRC01 to gp120 may not discriminate between functional trimeric and nonfunctional forms of Env (15) present on the pseudovirions (23) . Thus, if there are gp120s in nonfunctional forms of Env present on these virions and these gp120s are also bound by the labeled Fab under the same conditions, our result may overestimate the number of gp120 molecules that participate in viral infection. In conclusion, all uncertainties about the quantitation of gp120 present in functional Env trimers cannot be eliminated, and whether the potential errors might cancel each other remains to be investigated.
TPF Intensity of a Single Alexa 594 Fluorophore on HIV-1 Virions-To quantitate the number of Alexa 594 fluorophores on individual virions, we took the ratio comparison approach using a single molecule as a fluorescence standard, which has been well established in quantitative fluorescence microscopy (24, 25) . To determine the TPF intensity of a single Alexa 594 fluorophore, we have taken advantage of the spontaneous photobleaching of Alexa 594. When individual virions bound by Alexa 594-Fab are optically trapped, the TPF of Alexa 594 will bleach to extinction (10), and the time course of this process allows us to visualize the stochastic photobleaching of individ-ual molecules over time. As shown in Fig. 3 , a-c, these real-time trajectories from individual virions show clear steps of TPF photobleaching. We have used a step-detection algorithm that we developed previously (19) to identify steps from these realtime fluorescence traces (red lines in Fig. 3, a-c) . The histogram of the individual photobleaching step sizes for Alexa 594 molecules (n ϭ 303) could be well described by the sum of two Gaussians (red curve in Fig. 3d ), one centered at 736 Ϯ 263 analog-to-digital units (mean Ϯ S.D.) and the other centered at 1472 Ϯ 151 analog-to-digital units. Under a statistical significance level of 5%, Pearson's -square test (26) selected the double-Gaussian distribution (p value ϭ 0.112) and rejected the single-Gaussian distribution (p value ϭ 2.33 ϫ 10 Ϫ15 ) as the model to describe the data. The difference in peak values is exactly 2-fold. As we have observed previously, the secondary peak may result from the photobleaching of two Alexa 594 molecules that occurred almost simultaneously, which could not be resolved by either the finite camera exposure time or the stepfinding algorithm (10, 27) . The TPF intensity of a single Alexa 594 fluorophore can then be used to calculate the total number of Alexa 594 molecules bound to the virion based on a ratio comparison (24, 25) with the initial TPF intensity of Alexa 594 associated with individual virions.
Determination of the Number of Gp120 Molecules on Individual Virions-To quantitate the dependence of HIV-1 virion infectivity as a function of gp120 density on individual HIV-1 virions, we produced a set of HIV-1 virions that carry different numbers of Env molecules by varying the envelope plasmid input (pEnv, 0 -4 g) during virion production from 293T cells, as we described recently (10) . To quantitate gp120 density on (gray traces) . The step-finding algorithm that we developed previously (19) was used to identify steps from these real time trajectories, which are shown as red lines. d, the histogram of the individual photobleaching step sizes for Alexa 594 molecules identified from the step-finding algorithm (n ϭ 303), which could be described by the sum of two Gaussians (red curve).
individual virions, we incubated virions with 20 g/ml of Alexa 594-labeled VRC01 Fab, prepared as described above, and then measured the initial Alexa 594 TPF intensity for individual virions as we trapped them individually. Based on the TPF intensity of a single Alexa 594 fluorophore that we have measured directly from these trapped virions (Fig. 3) , we then calculated the number of gp120 molecules from the initial Alexa 594 TPF intensity. We have measured NL4-3 virions prepared with 0, 0.01, 0.1, 0.2, 1, 2, and 4 g of pEnv. Fig. 4 shows a compendium of histograms for the number of gp120 molecules per virion. Throughout, most of the distributions were very broad, consistent with what we have measured previously using b12 IgG labeled with Alexa 594 through NHS-ester chemistry (10) . The mean, standard deviation, and median numbers of gp120 molecules per virion are listed in Table 1 for each of these virus populations. Because we can clearly distinguish between virions with a single molecule of Alexa 594 fluorophore versus those without (10), we have also included the fraction of virions without any gp120 in Table 1 for each population of the virus.
As we see from Table 1 , at pEnv ϭ 0, when the HIV-1 particles have no gp120 on their surface, 2 of 80 particles showed an apparent Alexa 594 TPF that corresponds to one Alexa 594 molecule associated per virion. This residual background (2.5%) indicates that the Alexa 594-Fab is indeed highly specific toward gp120 under current conditions. This low percentage of nonspecific binding is essential for our approach to quantitate the number of gp120 molecules on individual virions.
As we increased pEnv, the mean number of gp120 molecules per virion increased, and reached a maximum at pEnv ϭ 2.0 g. Meanwhile, the fraction of virion particles without gp120 also decreased. To analyze HIV-1 virion infectivity as a function of gp120 density on individual HIV-1 virions, we measured the infectivity for these seven populations of virions using the standard TZM-bl assay both in the presence and absence of DEAEdextran, and then examined the correlation by plotting the virion infectivity as a function of average gp120 number per virion that we determined from OTV.
As shown in Fig. 5a , the infectivity of virions in the presence of 20 g/ml of DEAE-dextran increased with the average number of gp120 molecules per virion in a sigmoidal fashion, which displayed an apparent plateau when there were on average 8 -10 gp120 molecules per virion. Notably, this dependence is very well described by the Hill equation (28) . The resulting fitted curve is overlaid on the experimental data, which yields a Hill coefficient of 2.4 Ϯ 0.6, a maximum infectivity (%) of 0.29 Ϯ 0.02, and an average number of gp120 molecules of 2.4 Ϯ 0.3 per virion at 50% of the maximum infectivity. All the errors are standard errors from the nonlinear least squares fitting with a 95% confidence interval. In contrast, the infectivity of virions in the absence of DEAE-dextran monotonically increases within the experimental conditions tested (Fig. 5b) . Although the lack of an apparent plateau allows for alternative explanations of these data, the slightly concave trend suggests that cooperativity may occur under these conditions as well. To examine this quantitative dependence in the absence of DEAE-dextran, we also fitted these experimental data to the Hill equation. The resulting fitted curve is overlaid on the experimental data, which yields a Hill coefficient of 2.0 Ϯ 7.6, a maximum infectivity (%) of 0.3 Ϯ 18.3, and an average number of gp120 molecules of 26 Ϯ 950 per virion to reach 50% of the maximum infectivity. These large errors for the fitting parameters are due to the lack of maximum infectivity in the data, and speak to the fact that the dependence of virion infectivity in the absence of DEAE-dextran is very different from that in its presence. However, we note that both the values for the Hill coefficient and the maximum infectivity are very close to the corresponding values in the presence of DEAE-dextran: 2.0 compared with 2.4 and 0.3% compared with 0.29%. The major difference is in the average number of gp120 molecules required to reach 50% of maximum infectivity: 26 compared with 2.4 in the presence of DEAE-dextran. Within the same framework of the Hill equation, this comparison suggests that the cooperativity among gp120 molecules is likely to occur regardless of the inclusion of DEAE-dextran. Rather, the effect of DEAE-dextran is to produce a plateau at a significantly lower number of gp120 molecules.
It is worth noting that the infectivity in the presence of DEAE-dextran was above 0 at an average of one gp120 molecule per virion. This does not suggest that a single molecule of gp120 is sufficient to support HIV-1 infection; rather, this average of one gp120 per virion results from averaging over all virion particles that are present in this population. Under this condition, where the pEnv input is 0.01 g, which is limiting, the cells have produced a significant portion of HIV-1 virions without any gp120 (see the black distribution in histograms in Fig. 4 , and also Table 1 for fraction of particles that have no gp120). As a result, it lowers the mean number of gp120 molecules per virion. The infectivity that we measured results from a subset of those virions that carry gp120 on their surface. Because we have measured the gp120 number for each single particle, this allows us to calculate the average gp120 number for those virions that have at least one gp120 on them (Env ϩ virions). For this subset, the mean gp120 per virion when infectivity is detectable is actually 5.2; the data do not exclude that the required number is closer to ϳ9, where the inflection for the plateaus is, but they indicate it is not much higher than that. The dependence of virion infectivity on the number of gp120 molecules per Env ϩ virion, i.e. virions with at least one gp120, is shown in Fig. 6, a and b, for data in the presence and absence of DEAE-dextran, respectively.
It is worth noting that, although the virions produced with 0.01 and 0.1 g of pEnv have on average an identical number of gp120 molecules per Env ϩ virion within error, the apparent infectivity for the 0.1 virus group is higher because the fraction of virions that carry gp120 in this group is almost 3-fold higher than that for the 0.01 virus group (Table 1) . This interpretation applies to the data both in the presence and absence of DEAEdextran. Furthermore, it is worth noting that within the framework of classical cooperativity (29) , all species of virions need to be included when applying the Hill equation, also those that do not carry gp120. The vertical dependence observed in Fig. 6 for Env ϩ virions is consistent with cooperativity and further suggests that an absolute minimum number of gp120 molecules per virion is required for infection.
TABLE 1 Statistics for the number of gp120 molecules per virion probed by OTV
The concentration of plasmid DNA was determined in 10 mM sodium phosphate buffer with 100 mM NaCl, pH 7.0, at 20°C and the use of an extinction coefficient of 20 mg⅐ml Ϫ1 cm Ϫ1 at 260 nm. Varied amounts of plasmids were obtained by serial dilution of the stock solutions, yielding typical coefficients of variance for the final concentrations of less than 5%. For each population of virions, virus was freshly thawed from the Ϫ80°C stock and incubated with 20 g/ml of VRC01 Alexa 594-Fab for 1 h at 20°C. The mixture was then diluted in PBS buffer and injected into a microfluidic chamber for optical trapping and TPF measurement of Alexa 594 molecules. The number of gp120 molecules per virion was determined by normalizing the initial TPF of each individual virions against the mean TPF intensity of a single Alexa 594 fluorophore, as we measured and reported in Fig. 3 . Because both gp120 density and virus infectivity were measured for each population of viruses, the errors in preparing and quantifying the pEnv did not enter into the quantitative analysis and would have zero influence on our correlation results. The standard deviations for the percentages of particles without gp120 were estimated based on a set of bootstrap analysis of the single-particle data collected for each population of viruses as follows: for a total of N particles from a virus population at a given pEnv amount, we randomly sampled this pool for N times with allowance for resampling. This procedure was repeated 1,000 times to yield the standard deviations for the fractions of particles without gp120. The error bars for infectivity are standard deviations derived from three independent repeats of the same experiment, and the error bars for the average number of gp120 molecules per Env ϩ virion are mean Ϯ S.E. derived from single-particle data. The data points for virions prepared with pEnv ϭ 0.01 and 0.1 g are labeled.
Discussion
In this paper, we have prepared a site-specifically labeled VRC01 Fab fragment and purified this labeled protein to homogeneity. Because this Fab is labeled with a single fluorophore through maleimide chemistry and we have achieved 97% labeling efficiency, it allows us to quantitate the number of gp120 molecules on individual virions with single-molecule resolution using the OTV technique that we recently developed without the compounding effects of 1) NHS-ester chemistry for labeling of fluorophores, which produces multiple fluorophores per antibody; and 2) the potential cross-linking between the CD4bs' of two trimers by a single IgG.
To examine the relationship between virion infectivity and the density of gp120 molecules on individual virions, we have used a provirus clone that is env Ϫ together with a separate wt Env expression plasmid (pEnv) to generate HIV-1 virions (9). This design allows us to titrate pEnv from low to high quantities (8) to generate a set of virions that are expected to carry varied densities of Env on their surface, determined by the pEnv inputs. Because the resulting virions are only infectious for a single cycle, the infectivity of the virions can thus be compared with the gp120 density on these virions directly measured by OTV. This approach allows one to quantitatively determine the relationship between the two, without the complications from multiple rounds of infection.
As shown in Fig. 5 both in the presence and absence of DEAE-dextran, the viral infectivity increased with the gp120 density per virion. In the presence of DEAE-dextran, the infectivity increased with gp120 density in a sigmoidal fashion that can be well described by a Hill equation. This result suggests that HIV-1 gp120 displays a positive cooperativity and the 97% infectivity is only achieved when on average nine gp120 molecules are present on a virion (pEnv ϭ 2.0 g). In contrast, the data in the absence of DEAE-dextran showed no apparent plateau. Although the data also showed a trend of sigmoidal dependence, evidenced by the fitting to a Hill equation, this fitting predicts that the infectivity will not reach 90% of the projected plateau until there are on average 78 gp120 molecules per virion.
Could the appearance of cooperativity under current experimental conditions result from virion aggregation? We repudiate this possibility for the following reasons. First, as we showed previously, the individual TZM-bl cell infectious events in the cell culture show very good linear correlation with the concentrations of virions (9) , which argues against virion aggregation. Second, under current infection assay conditions, i.e. with a virion particle concentration well below 4 ϫ 10 7 /ml, the concentration-dependent aggregation of virions is negligible as we showed recently (10) . Third, the concentration of DEAE-dextran that we used is in huge molar excess over that of HIV-1 virions, a condition that does not favor aggregation of virions. Indeed, we have conducted single-virion tracking experiments using fluorescently labeled NL4-3 pseudovirions in the presence of DEAE-dextran. The intensity of individual virions that we measured provides evidence against virion aggregation under current infection conditions. The above data have important implications for HIV-1 infectivity. First, they suggest that at the single-particle level, HIV-1 infectivity increases with the number of Env trimers on its surface once they have surpassed a lower threshold, and reaches a full infectivity when the number of gp120 molecules exceeds a certain upper threshold (30 -33) . Virion-cell binding may well depend on the gp120 density per virion and thus contribute to the observed cooperativity phenomena. Second, DEAE-dextran has a marked impact on this threshold number of gp120 molecules required for the full infectivity. A study by Platt et al. (34) revealed that DEAE-dextran enhances virion infectivity by stabilizing adsorption of virions on the host-cell surface. Our current results favor this interpretation. Our data indicate that DEAE-dextran is playing a role of compensating for a paucity of Env to facilitate entry and infection by HIV-1 virions. The presence of DEAE-dextran could therefore potentially mask the effects of differences in gp120 density among virions. Conversely, in the absence of DEAE-dextran, significantly more Env molecules are needed to reach a theoretical full infectivity. In conclusion, infectivity of a virion may not be an all-or-nothing quantity but a spectrum of propensities with a lower and an upper threshold, as has been hypothesized (5, 30 -33, 35) .
The low density of HIV Env on virions may have a profound impact on HIV transmission and host immune responses, the quantitative aspects of which are just beginning to be understood (6, 20) . Transmission of HIV-1 from an infected person to a new host usually occurs through a mucosal port of entry. In that environment, the conditions may lack any enhancing factors such as the DEAE-dextran, regularly included in in vitro experiments based on the TZM-bl cell line, for example, with the aim of determining the potency of neutralizing antibodies. As shown here, DEAE-dextran lowers the critical amounts of Env on virions required for optimal infectivity. Indeed, under in vivo conditions, in the absence of such enhancing factors, the quantitative requirements on Env may be greater. For example, transmitted or founder strains of HIV-1 have been shown to have higher Env densities on virions than viruses isolated during chronic infection (7) . These variables are important to vaccine research, because the ratio of how many functional trimers a virion has to how many it requires for infection is a critical parameter in quantitative modeling of virion neutralization and probably influences the sensitivity of virions to neutralization (35) .
The current study raises questions of what the mechanistic bases for a lower and higher Env-trimer threshold would be. The findings relate these questions to the mechanism of enhancement of infection by DEAE-dextran. Hypothetically, a lower threshold would be set by the small number of trimers that can minimally support the membrane fusion between the viral and the cell membrane, which allows the packaged viral genome to be released into the cytosol. In their physical form, this small number of trimers may cluster together on the virion surface (17) and may eventually form a so-called entry claw (36) that mediates membrane fusion and fusion pore dilation (37) . Additional trimers may increase the propensity of virions to attach to the cell surface incrementally up to a limit beyond which more trimers cease to enhance the attachment process: the upper threshold, which could be influenced by both viral and host-cell factors. As observed from current studies, the inclusion of DEAE-dextran clearly decreases this upper threshold for NL4-3 virions in TZM-bl cells; the lower threshold, which may be less variable, can thus be closer to or further from the upper one depending on the infection conditions. As suggested by Platt et al. (34) , the enhancing effect of DEAE-dextran could operate at or after the attachment stage, possibly preventing virion dissociation, thereby increasing the still small fraction of virions that get a chance to infect. Moreover, in the cell line used here, productive infection may involve endocytosis of the receptor-virion complex and trafficking to an endosomal compartment where fusion and cytoplasmic entry of the viral core occurs (38, 39) . Whether DEAE-dextran merely enhances the chances of endocytosis rather than dissociation, or also promotes Env-receptor interactions inside the endosome, and how such effects modulate the apparent lower and higher thresholds of Env requirements, remain to be elucidated. In light of these potential mechanisms of DEAE-dextran, it is worth considering charged molecules present on the host-cell surface that may modulate HIV-1 attachment. It has been suggested that HIV-1 attachment to negatively charged heparan sulfate proteoglycans on the cell surface operates most strongly for tissue culture-adapted strains that have accumulated several positively charged amino acid residues in the V3 loops of their gp120 molecules. Specifically, it was shown in CHO cells that the enhancing effect of hexadimethrine bromide (Polybrene) on infection is negatively correlated with the positive charge in V3 loop (40) , the greater the number of positive charges, the weaker enhancement by Polybrene. In this context our findings may be somewhat surprising, in that the TZM-bl cells, which are derived from HeLa cells, have preponderant heparan sulfate proteoglycans (41) and the V3 loop of NL4-3 Env is rich in basic residues. This comparison suggests that both the cell type and the precise composition of the polycations modulate these effects quantitatively, which might explain the strong enhancement of NL4-3 infection by DEAE-dextran in the current experiments.
In conclusion, the current findings strongly favor a propensity view of Env function and viral entry: the quantitative aspects of Env mediation are likely to vary with HIV-1 strain, cell type, and experimental conditions such as the presence of polycations or spinoculation (42) . The approach that we have developed here to examine the impact of Env density on HIV virion infectivity can be readily adopted for the study of other HIV strains and target cell types.
